ABSTRACT: We report variational transition-state theory calculations for the OH + O 3 → HO 2 + O 2 reaction based on the recently reported double many-body expansion potential energy surface for ground-state HO 4 [Chem Phys Lett 2000, 331, 474]. The barrier height of 1.884 kcal mol −1 is comparable to the value of 1.77-2.0 kcal mol −1 suggested by experimental measurements, both much smaller than the value of 2.16-5.11 kcal mol −1 predicted by previous ab initio calculations. The calculated rate constant shows good agreement with available experimental results and a previous theoretical dynamics prediction, thus implying that the previous ab initio calculations will significantly underestimate the rate constant. Variational and tunneling effects are found to be negligible over the temperature range 100-2000 K.
INTRODUCTION
The last few years have witnessed great concern about the chemical composition of the Earth's atmosphere with respect to environmental issues. As a result, a number of studies have been devoted to this question [1] . One of the major topics of the recent researches refers to the detrimental effect on the Earth's ozone layer. In particular, the reaction
is known to play an important role in the stratosphere by influencing the concentrations of many trace gases that are important to indirectly infer the concentration of hydroxyl radical. Moreover, jointly with the HO 2 + O 3 → OH + 2O 2 reaction, they destroy ozone without requiring atomic oxygen, unlike similar catalytic cycles including nitrogen oxides or chlorine species [2] .
Over the past few decades, both experimental and theoretical progress have been made in predicting the mechanism of the atmospheric reaction OH + O 3 → HO 2 + O 2 [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] . Experimentally, the rate constant at room temperature measured by different groups [2] [3] [4] [5] [6] [7] [8] [9] [10] [12] reported the first global, partly ab initio-based, potential energy surface (PES) for ground-state HO 4 based on the double many-body expansion (DMBE) method ( [16] , and references therein), and used it to carry out quasi-classical trajectory (QCT) calculations of the title reaction [12] [13] [14] . The agreement for rate constants between their QCT results and the experimental data stresses the reliability of their PES. Recently, Peiró-Garciá and Nebot-Gil [15] have presented barrier heights for the OH + O 3 → HO 2 + O 2 reaction over the range 2.16-5.11 kcal mol −1 , depending on the level of theory employed for the ab initio electronic structure calculations. Such ab initio estimates are significantly larger than the value of 2.0 kcal mol −1 recommended by IU-PAC [11] .
The article is organized as follows. In the Methodology section, we briefly present the PES used in this work and introduce canonical variational transitionstate theory (CVT). The calculated results are compared with the available data in the Results and Discussion section. The last section concludes this study.
METHODOLOGY
The present dynamical calculations are performed on the full-dimensional DMBE PES for the ground electronic state of HO 4 The dynamical calculations are carried out by the CVT/SCT method developed by Truhlar and coworkers [17] [18] [19] [20] [21] [22] . For a given canonical ensemble, the canonical variational rate constant for a bimolecular reaction is given by [20] 
where
with k GT (T , s) being the rate constant at temperature for the generalized transition state (GTS) localized at the value of s. L is the symmetry number [23] that accounts for the reaction path multiplicity, which is equal to 2 for reaction (1) . Q GT (T , s), and Q R (T ) are the partition functions of the GTS and reactants, respectively. In turn, V MEP (s) is the classical potential energy at point s along the MEP, k b is Boltzmann's constant, and h is the Planck constant.
To evaluate the quantum effects on the reactioncoordinate motion, one convenient way is to include a ground-state transmission coefficient κ CVT/G (T ) in Eq. (2), which accounts for the tunneling and nonclassical reflection effects. The quantized CVT rate constant k CVT/G (T ) is given by
The reaction coordinate s is the signed distance along the MEP, and the reaction path is followed using the Page-McIver method with a step size of 0.001 (amu) 1/2 bohr, with a generalized normal mode analysis being performed every 0.02 (amu) 1/2 bohr along the MEP in curvilinear internal coordinates that have significantly improved the harmonic frequencies and vibrationally adiabatic ground-state (VAG) potential [24] [25] [26] . With this information, the VAG potential in the harmonic approximation is obtained by
where ω m (s) is the generalized normal mode frequency at a given reaction coordinate s, and the second term contains the vibrational zero-point energies (ZPEs) of all modes transverse to the reaction path. All rate constants reported here have been calculated using the POLYRATE, Version 9.1 package [27] .
RESULTS AND DISCUSSION
The barrier height and heat of reaction of the OH + O 3 → HO 2 + O 2 reaction are presented in Table I . As shown in this table, the classical barrier height is 1.056 kcal mol −1 and the effective one is 1.884 kcal mol −1 with ZPE correction included. It is noted that the value of the effective barrier height falls within the range of 1.77-2.0 kcal mol −1 recommended by many studies [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . For the heat of reaction, one gets the values of −42.19 kcal mol −1 (without ZPE correction) and −41.00 kcal mol −1 (with ZPE correction), respectively. The latter shows good agreement with the values of −43.0 and −40.0 kcal mol −1 suggested by Zahniser and Howard [2] and IUPAC [11] , respectively. Table II compares the activation energies calculated by the CVT method with the deduced experimental data for several temperature pairs over the range 220-450 K. On the whole, the results obtained in this work by CVT method are slightly higher than those of the corresponding experimental values [4] [5] [6] [7] 11] . Figure 1 shows the classical potential energy curve V MEP and the vibrationally adiabatic potential energy curve V G a together with the ZPE curve of the OH + O 3 → HO 2 + O 2 reaction, where s is the reaction co- [11] ordinate in (amu) 1/2 bohr along the MEP, with s < 0 and s > 0 indicating the reactant and product regions, respectively. All the potential curves are relative to the classical energy of the reactants. The classical and vibrationally adiabatic potential curves have similar shape and the position of the variational transition state is almost the same as that of the conventional transition state. This implies that only small variational effects are expected for this reaction, as is confirmed in the following discussion about the rate constant. In addition, the ZPE curve varies slightly with the reaction coordinate s, which suggests that the secondary kinetic isotope effect is not important for this reaction, as it has a reactants-like transition state. Fig. 3 , the rate constants calculated by TST, CVT, and CVT/SCT methods are compared. As seen, the rate constants predicted by the above methods are in good agreement with each other, which indicates that the tunneling and variational effects do not play a significant role over the temperature range 100-2000 K. For clarity, the variational effect is quantitatively analyzed in Table III The rate constants calculated in this work by the CVT method with the theoretical QCT results of Varandas and Zhang [12] , and the experimental data measured by various groups [4] [5] [6] [7] 11] are plotted in Fig. 4 . In general, the results predicted by CVT method are in agreement with the experimental data as well as the QCT prediction [12] . The good agreement between the present CVT and QCT results can be attributed to the prominent characteristics of OH + O 3 → HO 2 + O 2 being a low barrier height (1.056 kcal mol −1 without ZPE correction; 1.884 kcal mol −1 with ZPE correction) and large exothermic (−42.19 kcal mol −1 without ZPE correction; −41.00 kcal mol −1 with ZPE correction) reaction, which means that the cross-sections calculated by classical mechanics may not be sensitive to ZPE leakage. It should be added that the slight difference between the CVT and QCT results may be due to the different selected initial conditions. The former employs a thermal distribution, while the latter uses the initial-state selected conditions. Specifically, each vibrational mode in either OH or O 3 is treated thermally in the present CVT calculations, while both the OH vibration and three vibrational modes of O 3 have been fixed at their ground level in the previous QCT [11] . Although Peiró-Garciá and Nebot-Gil [15] have, somewhat surprisingly, made no reference to the DMBE PES [12] in their work, we anticipate that the rate constant will be seriously underestimated at their level of ab initio theory. We conclude by focusing on the rate constant at room temperature, which is predicted by the CVT method to be 5. 
CONCLUSIONS
We have employed CVT to systematically study the dynamical properties of the OH + O 3 → HO 2 + O 2 reaction using the DMBE PES for ground-state HO 4 reported by Varandas and Zhang [12] . The calculated classical barrier height and heat of reaction are 1.056 and −42.19 kcal mol −1 , while the effective barrier height and heat of reaction are 1.884 and −41.00 kcal mol −1 . Such values are in good agreement with the barrier height of 1.77-2.0 kcal mol −1 together with the heat of reaction of −40.0 and −43.0 kcal mol −1 recommended experimentally [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] . The effective barrier height together with the corresponding experimental data is considerably smaller than the previous ab initio results reported by Peiró-Garciá and Nebot-Gil [15] , suggesting that the rate constants predicted by them may be seriously underestimated. In fact, the rate constants calculated in this work show good agreement with both the experimental data and the QCT results of Varandas and Zhang [12] . The O 1 O 2 bond, which has also been shown to act as a spectator during the reactive process, is in good agreement with the QCT prediction [12] . The variational and tunneling effects have further been found to play a minor role. Finally, the agreement in energetics and thermal rate constants between our theoretical predictions and the experimental results together with the QCT calculations lends good support to the DMBE PES [12] for the title reaction.
